and binocular stereo (Marr and Poggio 1979 In the hybrid approach presented here, a binocular stereo system is used to produce a coarse elevation map for determining a collision-free configuration for the gripper and for measuring the absolute height at the selected pickup point.
RELATED WORKS
Bin-picking tasks by detecting brightness changes have been attacked previously (Tsuji and Nakamura 1975; Baird 1977; Perkins 1977; Bolles and Cain 1982 (Horn 1977) represents the relationship between surface orientation and image brightness. Since the direction of a surface normal has two degrees of freedom, we can represent surface orientation by points on a sphere or in a two-dimensional plane. The brightness value associated with each surface orientation -assuming a fixed light source and viewing configuration-can be obtained either empirically (Woodham 1979) or analytically from models of the surface microstructure and the surrounding light source arrangement (Horn and Sjoberg 1979) .
The photometric stereo method takes multiple images of the same scene from the same camera position with various illumination directions in order to determine surface orientation (Horn, Woodham, and Silver 1978; Woodham 1978; Silver 1980; Woodham 1980; Ikeuchi 198 Fig. 3. 
THE PRISM SYSTEM
The PRISM stereo-matching algorithm was designed to produce range measurements rapidly in the presence of noise. The algorithm is built on the zero-crossing stereo theory of Marr and Poggio (1979) (Nishihara 1984) . Matching the dual representationregions of constant sign in the 92G convolution- Fig. 3 . A needle diagram generated using photometric stereo.
produces useful results over a broader range of noise levels and does it more rapidly than algorithms that explicitly match the shape of the contours bounding regions of constant sign.
An additional consideration that has influenced the design of this system is the specific nature of most sensory tasks in robotics (Nishihara and Poggio 1984) . Our view in this design has been that by avoiding the computation of details not necessary for accomplishing the task at hand, a simpler, faster, and possibly more robust performance can be obtained. The PRISM system (Nishihara 1984) Assume that a mass, equal to the area of the patch it corresponds to, is now attached to each end point. The resulting distribution of masses is called the EGI of the object (Smith 1979, Bajcsy 1980, Ballard and  Sabbah 1981, Ikeuchi 1981a , Horn 1983 , Brou 1984 , Little 1985 in the limit as the density of surface patches becomes infinite. (See Fig. 7 ). It has several interesting properties: the total mass is equal to the surface area of the object, the center of mass is at the Fig. 7 (Ikeuchi 1983 (Ikeuchi 1983 ). We will use this EGI lookup table for EGI matching.
A needle diagram of an object is shown in Fig. 8 . The EGI obtained from the needle diagram is shown in Fig. 9 Information flow in the vision part is shown in Fig.   10 . Fig. 9 Fig. 11 Fig. 12 .
Consider the force at one of these points of contact. Let the friction angle be the arc tangent of the coeffi- Fig. 12 Fig. 13b Fig. 16 . Note that the manipulator approaches the doughnut shaped object directly from the initial configuration. The system described earlier required an additional arm motion (Ikeuchi, Horn, Nagata, Calla- han, and Feingold 1983). 
EXAMPLE 2 (Two-dimensional model)
Determining a grasp configuration requires: (1) extracting legal grasp configurations from a model; (2) determining legal grasp points using the observed data; (3) finding a collision-free configuration from an observed depth map. The first task is to extract legal grasp configurations from an object model. This example models the doughnut shape as a two-dimensional ring. We will refer to the plane on which the two-dimensional ring exists as the object plane. Two classes of legal grasp points are extracted from the discussion in Section 3.2 and shown in Fig. 17 . Legal   Fig. 18 (Fig. 17b) Fig. 18) .
The next task is to establish the relationship between the legal grasp points in the model and the observed data. In the two-dimensional model, legal grasp points occur only along the silhouette of the object. Fortunately, the silhouette of the object has already been extracted by the segmentation process. Each silhouette point, which corresponds to a legal grasp point, can be specified by the rotation angle a around the normal to the two-dimensional ring as shown in Fig. 18 Fig. 19 . The strategy based on the two-dimensional model will be applied to the scene. A profile of the highest points over the rectangular area of the gripper footprint with respect to the gripper workplane, and along legal grasp configurations specified by the rotation angle a is shown in Fig. 20 . Note that highest here means the largest value of a(x -xo) + b(y -yo) + c(z -za), and the gripper workplane corresponds to the horizontal line in Fig. 20 . If the highest point at a configuration is below the gripper workplane, the configuration is a collision-free configuration and the doughnut can be Fig. 22 Fig. 20 shows the optimal grasp configuration which gives the greatest finger clearance among the collisionfree configurations. The center position of the gripper selected is shown in Fig. 21 , and a pickup sequence using our second strategy is shown in Fig. 22 . The original configuration selected with the simple mind strategy which would have resulted in a collision is shown in Fig. 22b . In Fig. 22c , the gripper is rotated around the axis of the doughnut so that the gripper configuration agrees with the optimal configuration selected in Fig. 20. 
EXAMPLE 3 (Three-dimensional model)
The doughnut in the middle, in the example shown in Fig. 23 Fig. 26 . If a configuration has the value below the horizontal line in Fig. 26 , then the configuration is a collision-free configuration. The optimal configuration, marked as a box in Fig. 26 , has the greatest finger clearance among the collision-free configurations. The center position of the gripper selected is shown in Fig. 27 . The process of picking up a doughnut without collision is shown in Fig. 28 . The original grasp configuration selected using the simple mind strategy is depicted in Fig. 28b . In Fig. 28c the gripper rotates around the axis of the doughnut; then in Fig. 28d (Brooks 1981; Bolles, Horand, and Hannah 1984; Ikeuchi 1985 
